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Abstract
Bypass valves in district heating substations are a compromise between efficiency and quality of
service. On the one hand, they are required to ensure that each building (no matter the distance
to the heat source) has warm water within an acceptable time. On the other hand, they form a
short-circuit between the warm supply and cold return line and their use can increase the return
temperature substantially. Therefore, a good control of these bypass valves is critical to limit the
drawback of their use. In this context, this paper compares two commonly used control strategies
(manual control and thermostat control) to a new theoretical benchmark that provides an upper
boundary for the performance of bypass controllers. This theoretical benchmark ensures a just-
in-time delivery of warm water by taking into account time delays in the network. In a simulation
case study of a small neighbourhood in Genk, Belgium, the benchmark shows that substantial
improvement regarding bypass control is possible.
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Nomenclature
Abbreviations
DHW Domestic Hot Water
MINLP Mixed Integer Non-Linear Programming
SH Space Heating
Subscripts
k Index indicating the building
p Index indicating the supply pipe
i Index indicating the time step
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Sets
B Building substations
Bcold Cold building substations
P Supply pipes
Pk Supply pipes linking building k to the backbone
Pcold Cold supply pipes
Pactive Active supply pipes
Symbols
Symbol Description Unit
cp Specific heat capacity J kg−1 K−1
E Energy J
Lp Length of pipe p m
mw,p Mass of water in pipe p kg
m˙bypass Nominal bypass valve mass flow rate kg s−1
m˙DHW,k,i DHW use in building k during time step i kg s−1
m˙p Mass flow rate through pipe p kg s−1
rp Radius of pipe p m
Rp Thermal resistance of pipe wall K W−1
t Time s
topen,k Opening time of bypass valve in substation k s
Tg Ground temperature K
Tmin Minimum supply water temperature K
Tp,t Water temperature in pipe p at time t K
Tk,t Primary supply water temperature in substation k at time t K
vp Water velocity through pipe p m s−1
Vactual Volume pumped through the network m3
∆t Time step of the benchmark s
∆tk Water travelling time from backbone to building k s
∆tbypass,k Time needed to pull in warm water to substation k s
∆Tideal Ideal temperature difference between supply and return
line
K
∆V Volume overflow m3
ρ Mass density kg m−3
1. Introduction
District heating and cooling networks (thermal networks) are considered as a promising tech-
nology to improve the sustainability of energy systems.
Recently, 4th generation thermal networks [1] have received extensive attention [2, 3, 4, 5].
In their definition, as given by Lund et al. [1], the networks’ control is perceived as an important
point that can improve the thermal networks’ operation and efficiency substantially, as is also
shown in detail by Vandermeulen et al. [6].
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1.1. Including time delays in thermal network control
One of the main challenges in improving a thermal network’s control, is the inclusion of
time delays in the decision process. These time delays are caused by the method of energy
transportation, which is done by distributing warm (or cold) water through a network of pipes.
The water flows at a certain mass flow rate, which is limited to reduce friction and prevent
excessive pipe wear [7]. Constraining the mass flow rate limits the speed of energy transportation
and causes time delays between the injection of heat and its extraction.
A more advanced control of thermal networks could lead to a more variable supply temper-
ature, e.g. to use the pipelines as a form of storage [8, 9, 10]. However, if the propagation of
this variable temperature throughout the network is not calculated or interpreted correctly by the
controller, chances of not meeting customer demands become unacceptably high. Hence, the
development of an advanced controller that is capable of this is a very relevant problem.
Considering the literature on these kind of controllers, it becomes clear that developing such
a controller is challenging. Operational optimization of thermal networks, taking into account
time delays, is a mixed integer non-linear program (MINLP), for which no efficient solvers exist.
This problem has been dealt with in different manners; Benonysson [11] used a simpler model
that does not include integers. Li et al. [8] suggest an iterative program to solve the MINLP.
Huang et al.[12] assumed the mass flow rates of the network to be known in advance, leading
to a mixed integer linear optimization of the supply temperature profile. Ikonen et al. [13] use
dynamic programming with permutational invariance to simplify the optimization.
In this context, this paper aims to develop a controller that can deal with these time delays
in an accurate manner, while avoiding the limitations of MINLP solvers. More specifically, an
application in which MINLP can be avoided (and without losing the problem’s dynamics), is the
control of bypass valves as is explained further on.
1.2. Developing a theoretical benchmark for bypass control
Bypass valves are used to ensure sufficiently warm water is always available near the cus-
tomers, by using bypasses that can pull sufficiently warm water to the substations at short notice
[14], avoiding customer dissatisfaction. These valves form a direct connection between the sup-
ply and the return line of the thermal network and can pull in warm water by dumping water
straight from the supply to the return line. The use of these bypass valves should be as limited
as possible, as they increase the temperature in the return pipe substantially, thereby increas-
ing the overall heat losses in the network and reducing the thermal power to the network. To
compensate the decrease in thermal power either the mass flow rates in the network have to
be increased, thereby increasing pumping costs, or the supply temperature has to be increased,
thereby increasing heat losses and possibly reducing heat plant operation efficiency [15].
These and other bypass flows (intended and unintended through system malfunctions) are a
relevant point of attention, with up to 10% of annual water flows in a thermal network resulting
from bypass flows [16]. Bypass flows that ensure a high enough supply temperature can cause
a high return temperature from the substation, as shown by Crane [17]. Li and Svendsen [18]
have performed an exergy analysis of a district heating network, showing that these bypass do
indeed cause significant exergy losses. This shows there is a potential for improved bypass con-
trollers. Improvements made in the past include the introduction of thermostatically controlled
valves instead of manually operated valves, already reducing operational costs related to bypass
flows significantly [14]. Additionally, Brand et al. used the bypass mass flow for bathroom floor
heating systems [19], which led to a reduction in system heat losses by 13%.
3
Figure 1: A conceptual figure of the Genk district heating network. The figure shows the different mines spread through-
out the city (indicated by the mineshaft elevators) and a possible concept of the network structure with a central backbone.
This paper develops a bypass control strategy to integrate time delays, while avoiding MINLP.
The developed control strategy needs perfect predictions of user behaviour, causing the controller
to be unrealistic, but ideal. In this view, this paper considers it a theoretical benchmark, an upper
boundary for the performance of bypass controllers. To emphasize this, this controller will be
referred to as a benchmark instead of a controller in the remainder of the text.
To illustrate and test the benchmark, the paper will compare the controller to two common
bypass controllers, namely manually operated and thermostatically controlled valves.
In the remainder of the paper, the case study is discussed in more detail (Section 2). Next,
the benchmark and the two classical control strategies (Section 3), and the simulation set-up
(Section 4) are described. Furthermore, the results of the simulation case study are presented
(Section 5) and discussed (Section 6). Finally, the conclusion gives a summary of the most
important findings (Section 7).
2. Case description
The comparison of bypass controllers is made by performing a simulation case study of a
small neighbourhood of Genk, a city in the north-east of Belgium. It is part of a larger project
where one of the goals is to determine whether a district heating system for the city of Genk in
Belgium would be interesting. A concept drawing of a district heating network in Genk is shown
in Figure 1.
This study focuses on a selection of streets with the resulting network schematically shown
in Figure 2. This network consists of 65 buildings, each located in one of the 8 streets that
were included. An overview can be seen in Table 1. These streets were selected to 1) ensure
a branched network and 2) to have both streets with many and few buildings (the number of
buildings ranging between 2 and 15).
As the neighborhood is a suburban area, all considered buildings are single family dwellings.
As is explained in Section 4, only the summer period, during which there is no space heat-
ing demand is considered. This makes the distinction between terraced/detached/semi-detached
buildings unnecessary.
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Figure 2: The network used in the simulations, the black line indicates the backbone, every grey line with a number is a
street that is included (the numbers correspond with the streets in Table 1), and the red square indicates the heat source.
As no district heating network is present in the actual neighbourhood, the sizing of the net-
work has been done in preparation of the simulations. This sizing was based on the work by Tol
and Svendsen [20]. The pipe types and lengths are listed in Table 1. The types are based on
those listed in the ISOPLUS catalog [7]. No bypass valves on street level were installed, the only
bypass valves are situated in the building substations. These substations are all connected by a
service pipe of length 10 m and type DN20.
3. Methodology
This section presents the development of the theoretical benchmark controller, capable of
delivering warm supply water to the buildings just-in-time by taking into account time delays
in the network. Additionally, the following two control strategies with which the benchmark is
compared, are discussed.
• The manually operated bypass valve: This control strategy always leaves the bypass valve
open, regardless of the situation. This results in a small, but constant mass flow rate from
the supply line to the return line.
• The thermostat controlled valve: Here, the controller only opens the bypass valve if the
supply water is getting too cold. The bypass valve is opened less frequently now, but a
slightly larger mass flow rate is used.
In this study, warm water is considered to have a temperature that is at least 3.5◦C higher
than the set point for DHW. With a nominal network temperature of 60◦C, and a DHW set point
of 45◦C, this results in a minimum supply water temperature of 48.5 ◦C.
3.1. Theoretical benchmark
This paper presents a theoretical benchmark, an ideal controller without requiring the solution
of a MINLP. Whereas the previous two controllers ensure warm water is always available at the
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Table 1: The composition of the district heating network, the number of buildings (if applicable), the length of the pipe
and the type of pipe (see ISOPLUS catalog [7]).
Street name Buildings Length[m] Type
1 Craenevenne 9 133 DN50
2 Krommestraat 9 287 DN40
3 Klotstraat 6 110 DN32
4 Kleinven 15 291 DN50
5 Boxbergstraat 2 78 DN25
6 Boogstraat (side) 8 150 DN40
7 Boogstraat (main) 12 159 DN65
8 De Vroente 4 65 DN25
9 Backbone o-a - 75 DN100
10 Backbone a-b - 275 DN65
11 Backbone b-c - 100 DN50
Total 65 1723 -
substations, this benchmark guarantees a just-in-time delivery of warm supply water. Hence, it
only activates the bypass when the water is getting too cold and there will be a need for warm
water.
This benchmark is not a realistic controller, as it requires perfect predictions of user be-
haviour in order to function properly. Rather, it is an upper boundary of the performance of real
controllers. However, this benchmark can be approximated by real controllers. A first option is
to install a DHW tank in the substation, creating a buffer to cope with errors in user behaviour
predictions. However, if a tank is installed in the substation, the bypass valve might become
obsolete, as an immediate delivery of warm water is no longer strictly necessary.
Another option is to use e.g. the bathroom light switch during night time in the summer to
replace the perfect user behaviour predictions. However, this option will need to ensure warm
water can be delivered to the buildings quickly, as the time difference between switching the
light on and the use of DHW will be rather small. A possible way of dealing with this, is to
install a thermostatically controlled valve at the end of street, keeping the street pipe warm. The
maximum distance across which the substation bypass will have to pull in warm water will then
be limited.
3.1.1. Structure
The benchmark works in time steps of ∆t =15 minutes. Figure 3 shows the decision process
that is followed at time step i to ensure there is sufficiently warm water at the substation during
time step i + 2.
The goal of the benchmark is to deliver water at a temperature of at least 52◦C to the substa-
tion. However, the minimum allowed temperature at a substation when warm water is needed is
48.5◦C, which gives the benchmark a margin of 3.5◦C.
3.1.2. Selection of the bypass mass flow rate
The mass flow rate through the bypass valve of each building is selected to be m˙bypass =
1 kg/s. The choice for this value can be justified by considering Equations 1 and 2 which state
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Figure 3: The benchmark’s decision tree. This decision tree is used during every step i to decide bypass actions in
building k during i + 1. At the bottom, a time axis clarifying the control principle and the convention used to name the
time steps (in minutes).
that the benchmark should at all times be capable of delivering warm water to the buildings
within one time step, being 15 minutes. However, to limit the speed of water through the pipes, it
is assumed that the backbone (indicated by the bold line in Figure 2), always contains sufficiently
warm water, at a temperature of at least 52◦C. This assumption will be checked in Section 5.1.
vp =
m˙bypass
pir2pρ
(1)
∆t ≥ ∆tk =
∑
p∈Pk
Lp
vp
∀k ∈ B (2)
The chosen mass flow rate can be checked by applying Equations 1 and 2 to the building
fathest removed from the backbone, which is the last building in the Krommestraat street (see
Figure 2 and Table 1). The mass flow rate of 1 kg/s leads to the following required time (index
K indicates Krommestraat, index C indicates Craenevenne, index K9 indicates the last building
in the Krommestraat street):
vK = 0.725
m
s
(3)
vC = 0.438
m
s
(4)
900 s ≥ ∆tK9 = LKvK +
LC
vC
= 700 s (5)
3.1.3. Which buildings need warm water?
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A first step in the decision process is to determine which buildings will need warm during
time step i + 2 (as can be seen in Figure 3). As will be explained in Section 4, the simulations
only consider the summer time, since the bypass valves are mainly needed during that period.
Consequently, the only factor influencing the need of warm water is DHW use. The generation
of these predictions will be discussed in Section 4.
Hence, building k will need warm water during time step i + 2 if:
m˙DHW,k,i+2 ≥ 0 (6)
In this work the controller makes use of perfect predictions of DHW use. This way the
correct control of the bypass valve is guaranteed and the residents do receive warm water when
they need it, but this makes the benchmark an unrealistic, yet ideal, controller.
3.1.4. Which substations will be too cold?
A next step in the decision process (Figure 3) is to determine whether a building substation
will receive cold water during i + 2, should the bypass valve not be opened. To this end, a few
assumptions that simplify the analysis are made:
1. The bypass control works perfectly. Whenever there has been a mass flow through a pipe,
be it caused by DHW or the use of a bypass, the supply temperature is sufficiently high.
2. The maximum temperature losses in a pipe/substation during one time period (i.e. 15
minutes) are limited. Hence, if the temperature at the start of a period was sufficiently
high, it will still be high enough at the end of the time period.
The first assumption is valid as long as the bypass controller works satisfactorily. To test
whether the second assumption is valid, the heat losses during one period of time are calculated
by Equations 7 and 8:
mw,pcp
dTp(t)
dt
= −Tp(t) − Tg
Rp
(7)
Tp,∆t = (Tp,0 − Tg)e−
∆t
Rpmpcp + Tg (8)
assuming a single, average temperature for pipe p, initially at 52◦C, a constant heat capacity
of water cp and a constant ground temperature Tg of 12◦C. This results in a substation pipe
temperature of 50.14◦C, which is higher than the minimum temperature of 48.5◦C (see Section
3.1.1).
These assumptions allow the benchmark to assume that substations who have had a mass
flow through them during time step i + 1 (assumption 1) and/or time step i (assumption 1 + 2) to
still be sufficiently warm at t+30. To determine this, user behaviour predictions for the DHW use
during time steps i and i + 1 are collected. This leads to the following condition for a substation
that will receive too cold water:
Tk,t+30 < Tmin
⇔
m˙DHW,k,i = 0m˙DHW,k,i+1 = 0 (9)
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3.1.5. When should the bypass be opened?
A third step in the decision process (Figure 3) entails the determination of activation time of
the bypass. This benchmark aims for a just-in-time delivery. Hence, the distance between the
problematic buildings and the nearest warm water is determined. If this is known, the following
formulae lead to bypass opening time:
∆tbypass,k =
∑
p∈Pcold,k
Lp
vp
∀k ∈ Bcold (10)
topen,k = t + 30 − ∆tbypass,k (11)
To determine this distance, the set Pcold,k is required. This contains all cold pipes that connect
substation k to the heat source. In this case, a tree-shaped network (Figure 2) is treated, resulting
in a unique path of pipes connecting substation to heat source. To determine whether a pipe is
cold, the same assumptions as in Section 3.1.4 are made. Both assumptions are still valid: the first
not needing any further motivation, the second does require some extra checking. Calculating
all temperatures in each of the pipes, leads to the conclusion the street Kleinven has the lowest
temperature, cooling down from 52◦C to a temperature of 50.7◦C. This is still higher than the
minimum temperature of 48.5◦C, leading to the conclusion the second assumption is still valid.
Hence the following equation is a definition of Pcold,k:
p ∈ Pcold,k
⇔

m˙p,i = 0
m˙p,i+1 = 0
p ∈ Pk
(12)
Using the predictions of DHW use and the connectivity matrix, as presented by Fang and
Lahdelma [21], the mass flows m˙p,i and m˙p,i+1 in the network can be calculated.
However, an extra step is required to prevent a pipe is activated by different buildings at the
same time, leading to a multiple of m˙bypass to pass through a pipe, which changes the required
time calculated in Equation 10. In this work, the choice is made to ensure that a cold pipe can
be activated only once, i.e. that the only possible mass flow rate resulting from bypass valve
openings through a pipe is m˙bypass. Therefore, an extra set of pipes is made: Pactive, containing
the pipes through which any of the buildings will pull warm water by opening a bypass valve.
More precisely, the controller will start with building kmax that has the largest ∆tbypass and add all
pipes in Pcold,kmax to Pactive. Subsequently, it recalculates the time periods, excluding the activated
pipes for the remaining substations:
∆tbypass,k =
∑
p∈(Pcold,k\Pactive)
Lp
vp
∀k ∈ Bcold \ kmax (13)
with
kmax = max
k∈B
(∆tbypass,k) (14)
Then building kmax is removed from the set Bcold and the process is repeated anew, resulting
in an opening time for each bypass valve in the network for time step i + 1, by using Equation
11. To take into account extra effects, such as the required heating up of the (cold) pipe walls
when pulling in new warm water, topen is rounded up by the controller to ensure warm water has
indeed reached the substation at time t + 30.
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3.2. Manually operated bypass valve
The oldest kind of bypass control is the manually operated valve. Hence, the frequency
of control is very small, limited mostly to closing the valve during long periods of absence
and reopening them when the residents return. To model these bypass valves, a constant mass
flow rate through the valve is assumed. Two assumptions lie therein: 1) the mass flow rate
is independent of the pressure drop across the valve, i.e. it is a regulating valve, and 2) no
changes are made to the bypass valve position throughout the whole simulation period. The last
assumption is reasonable, as the user behaviour profiles (as explained in Section 4) do not include
long periods of absence.
To determine the mass flow rate through the bypass, an initial value was based on the liter-
ature [19], being 9.36kg/h = 0.0026kg/s. This value was tuned to the district heating network
used in this case, and was selected to be as small as possible and still capable to deliver suffi-
ciently warm water (warmer than 50◦C) at each substation. This is done through simulation of
the district heating network, tuning the bypass mass flow rate until a mass flow rate meeting the
requirements was found.
However, only a single mass flow rate was selected for the whole network. Thus, regardless
of the location of the building with respect to the heat source, the same mass flow rate was
selected. To guarantee sufficiently warm water can be delivered to each building, the building at
the worst location, i.e. farthest from the heat source, was considered. Hence, the last building
in the Boxbergstraat street should constantly have a temperature of at least 48.5◦ available at the
substation (as stated in the beginning of Section 3). This tuning results in the following mass
flow rate: 0.006kg/s. This is about a factor 3 higher than the value found in the literature, which
is likely caused by the absence of bypass valves on street level in the presented case.
3.3. Thermostat controlled bypass valve
The thermostat control uses a hysteresis principle to ensure sufficiently warm water is always
near the substation heat exchanger. In other words, it only opens the bypass valve when water is
becoming too cold, and closes as soon as the water has reached a sufficiently high temperature
again.
The design of this controller is based on the work of Brand et al. [19]. The set-point temper-
ature Tset,bypass is 50◦C. The thermostat controller keeps the supply water temperature within a
deadband around this set-point. The width of this deadband is taken the same as in Brand et al.’s
study, namely 3◦C. As a result, the lower and upper boundary of the hysteresis curve are set to
48.5 and 51.5◦C, respectively.
The mass flow rate of the controller is, similar to the constant mass flow controller, tuned
through simulation of the district heating network to obtain a minimum mass flow rate that can
provide the building that is farthest from the heat generation unit, with warm water. This results
in a mass flow rate of 0.01 kg/s.
4. Simulation set-up
The network discussed in Section 2, controlled by the bypass controllers discussed in Section
3, is modelled by using a combination of the software environments Python and modelica.
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Figure 4: The hydraulic system of the substation. The connection to the district heating network is on the left, followed
by the bypass, the heat exchanger, linking the primary to the secondary system and finally the DHW system itself.
The network itself was modelled in modelica, using components from the open-source IDEAS
[22]1 and IBPSA [23]2 libraries. Time delays are an important aspect in this work, because they
have a large influence on the required time to activate a bypass. Therefore, pipe models that
implement these time delays with adequate detail, developed by van der Heijde et al. [24], were
chosen to model the network.
The heat source of the network was chosen to be an ideal heat source, with no limits on
maximum/minimum power or the ramp rate, and perfect modulation. The heat generation con-
tinuously heats the incoming return water to a temperature of 60◦C. As the focus in this work
is not on the heat source efficiency, but rather on the effects on the return temperature in the
network, this is a valid choice.
The two bypass controllers, the constant and thermostat control, have been modelled with
modelica as well, making the simulation of these two cases rather simple. The theoretical bench-
mark has been implemented in Python. To simulate this benchmark, a master/slave structure has
been set-up, in which the controller is the master, calling the modelica model of the network to
simulate one time period of 15 minutes with the control commands generated in Python. After
simulation, the results of the modelica simulation are read by the benchmark in Python, and used
to generate the new control commands for the next time period.
The different controllers have only been simulated during the summer months (from the
21st of June to the 21st of September). This choice can be justified by considering the need for
bypass valves, which is mostly concentrated during the summer period with no or very low space
heating demand. This results in a heat demand mainly dominated by DHW, that has a behaviour
that shows high peaks and often long periods of no heat use at all. These long periods of no heat
demand cause the water in the pipes to stand still for a long time and to cool down sufficiently to
merit the frequent use of bypass valves.
Limiting the simulation period to the summer period also ensures the model of the network
can be simplified substantially. It is assumed there is no space heating demand at all during
summer, which is, considering the climate of Belgium, a valid assumption. No space heating
demand means that there is no need to include building structure models into the simulation.
Regarding the buildings, this only leaves the substation and the DHW system, reducing the size
of the network model significantly.
The substation does not have a water tank between the heat exchanger and the DHW system.
This choice was made to emphasize the importance of a well-functioning bypass control, as there
is no buffer between the district heating network and the DHW user. The resulting simplified
substation model is shown in Figure 4.
1See https://github.com/open-ideas/IDEAS.
2See https://github.com/ibpsa/modelica-ibpsa.
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The simulation of the controllers also requires data about user behaviour. In this case, which
is limited to summer period simulations, only the DHW use is of importance. To set up these
profiles, use was made of StROBe [25], a Python toolbox that generates stochastic user behaviour
profiles. These profiles represent typical Belgian households, and feature several types of users:
e.g. families/singles, employed/unemployed, etc. The resulting DHW use data have a sampling
time of 15 minutes and span an entire year.
5. Results
This section gives an overview of the results obtained by running the summer simulations.
Firstly, some results showing that the two controllers and the benchmark behave as expected are
shown. Secondly, the remainder of the results to be used further for analysis in Section 6 are
introduced.
5.1. Verification
Before analysing the results, an important step is to verify whether the three controllers be-
have as they should. Firstly, Figure 5 shows one day for each of the bypass control strategies.
The upper part of the figure shows the mass flow rate through the heat exchanger of a substation,
corresponding to the heat demand in the building, and the mass flow rate through the bypass.
The lower part shows the supply temperature available at the entrance of the substation (at the
upper left of the scheme shown in Figure 4), with the dotted line indicating the minimum allowed
temperature. These figures show that each controller behaves as expected.
Secondly, the performance of the controllers during the whole summer period is considered.
If there is still cold water at the substation at the beginning of a time step during which there
is a heat demand, it is considered a failure. By comparing the total number of failures to the
total number of time steps, it could be determined that the constant mass flow, thermostat and
theoretical benchmark failed to deliver warm water to the substations in 0.065%, 0.049% and,
0.29% of the time, respectively.
The theoretical benchmark still has a rather high failure rate, 5 times higher than the other
controllers. A possible factor contributing to this failure rate is the assumption that the backbone
always contains sufficiently warm water, as stated in Section 3.1.2. As shown in Figure 6, this is
not always the case, especially during the night. Only at point a, closest to the heat generation
source, the temperature is continuously higher than 52 ◦C.
The influence of this incorrect assumption causes a slight overestimation of the theoretical
benchmark’s performance. To keep the backbone sufficiently warm, a higher mass flow rates
should be selected. This causes a higher overflow (defined in Equation 15), and a higher average
temperature across the network, leading to higher heat losses.
5.2. Comparison
A first comparison of the simulation results of the three controllers yields Table 2, which
shows different performance parameters. A first parameter is the average temperature difference
between the return and supply line at the heat generation unit. Taking into account that the heat
generation unit in the simulation always provides a supply temperature of 60◦C, this number also
relates to the average return temperature. The second is the system efficiency, considering the
useful heat, i.e. the heat used in the buildings to supply DHW, compared to the heat that had to
be injected into the network. A last parameter is the system overflow ∆V as defined by Gadd
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Figure 5: The mass flow rates and supply temperatures in a single substation during one day for all the control cases.
The bypass mass flow rate in the last is 1kg/s. However, to keep the figures clear the y-axis was chosen to be lower than
this mass flow rate.
0
Figure 6: The supply temperatures in the backbone during one day in the benchmark case. These temperatures are taken
at different points in the network (as indicated in Figure 2). The dotted line indicates the minimum temperature that
should be reached to guarantee the correct operation of the benchmark.
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Table 2: A comparison of different performance parameters for the three control cases
Average
temperature
difference
[K]
System
efficiency
[%]
System
overflow
[m3]
Constant mass flow 14 47.5 3081
Thermostat control 18 49 2138
Benchmark 35 57 384
Table 3: The heat balances for each of the control cases. The values indicate the energy that is used or lost during the
entire simulation period (spanning one summer) and is expressed in MWh.
Constant
mass flow
Thermostat
control Benchmark
Useful heat 36.5 36.5 36.5
Losses (supply) 22.8 22.4 19.4
Losses (return) 17.4 15.9 8.4
Total heat 76.7 74.4 64.3
and Werner [26], which is the amount of extra water volume that must be pumped through the
system to compensate for a higher return temperature than ideally expected, see Equation 15 [27].
However, there are two differences compared to the definition used by Gadd and Werner [26]:
1) the overflow here considers only the summer period, whereas the original overflow considers
annual data and 2) the entire system is now considered, instead of a single substation.
∆V = Vactual − E
ρcp∆Tideal
(15)
with E the energy used during the summer period, and ∆Tideal the ideal temperature difference
between supply and return line, which is taken to be 45◦C, similar to the method used by Gadd
and Werner.
The system efficiency is a parameter that gives an indication of the thermal performance, i.e.
how much heat is lost due to the increased return temperature, that, in its turn, is caused by the
use of bypass valves. The system overflow, on the other hand, is an indication of the hydraulic
efficiency of the system, indicating the water volume that should be pumped around the system
on top of the ideal water volume, due to the water flowing through the bypass valves. The higher
this overflow, the higher the costs for pumping become.
A second comparison can be found in Table 3. This table shows the heat balances for each of
the three control cases. Firstly, there is the heat attributed to the supply of DHW in the buildings,
hence the useful heat. Secondly, the losses, responsible for the difference between total heat
injection and useful heat, can be split up in two parts: (1) heat losses in the supply line and (2)
heat losses in the return line. Finally, there is the injection of heat into the network at the central
heat generation unit. Notice that the useful heat is the same in all three cases, explained by the
fact that the three cases make use of the same buildings with the same heat demands.
6. Discussion
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This section gives a more thorough analysis of the results presented in the previous section.
6.1. System efficiency
The efficiencies indicated in Table 2 are rather low, having two possible causes. Firstly, the
simulations only comprised the summer, during which there is very little to no space heating
demand (ES H ≈ 0). With the distribution losses and the DHW use changing only slightly across
the seasons [15], the resulting summer efficiency can become low, as can be seen in the definition
of the network efficiency, shown in Equation 16.
η =
ES H + EDHW
ES H + EDHW + Edist
(16)
with η the network efficiency and ES H , EDHW , and Edist the energy going to space heating,
DHW use and distribution losses, respectively.
Secondly, the value of the linear heat density is rather low. The linear heat density compares
the heat demand to the length of the network pipes and is a good indicator for the distribution
losses. However, as was mentioned in Section 4, no building models were set up and, hence, no
buildings were selected. Therefore, neither the annual heat demand nor the precise value for the
linear heat density can be determined. However, taking a range of possible annual heat demands
for a single-family building of 2000-8000 kWh, the resulting linear heat density is always lower
than 2 GJ m−1, which is rather low, when considering the values listed by Frederiksen and Werner
[15].
From Table 2 it appears the constant mass flow controller performs worst, with the lowest
average temperature difference, the lowest system efficiency and highest system overflow. The
thermostat control performs better, as is also stated in the literature [14], whereas the theoretical
benchmark has an efficiency that is about 10 percentage points higher, being an upper bound
of what improvement could be reached, should bypass control be improved further. Possible
future research could compare this upper bound with the bypass controller that uses the bypassed
supply water in the bathroom floor heating system, as introduced by Brand et al. [19]. In their
study they reported an efficiency increase of 13%, though this cannot be compared to the 10
percentage points, because these efficiency increases have been defined in a different manner and
for different cases.
6.2. Heat balance
When comparing the heat balances, shown in Table 3, an explanation for the differences in
Table 2 can be found.
The constant mass flow control case, shows the highest heat losses in both the return and
supply line. This is due to the control principle used, which always brings in new warm water,
thereby keeping the supply line at a constant high temperature, but also continuously letting this
warm water flow to the return line, as shown in the left plots of Figure 5. This causes both a high
average supply and return temperature in the network, leading to high losses in both the supply
and return lines.
The thermostat control case, uses a hysteresis principle. In other words, it only opens the
bypass valve when the water in the supply line has cooled down somewhat, as shown in the
middle of Figure 5. However, the amount of cooling down, as discussed in Section 3.3, is limited,
as the thermostat control needs to guarantee a continuous presence of sufficiently warm water.
As a result, the thermostat control can decrease the average supply temperature in the network
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slightly, as it will wait until the supply water has cooled down before activating the bypass. The
average return temperature decreases because of two reasons, (1) the bypass is activated less,
thereby directing less supply water flow to the return line and (2) the supply water flow to the
return line is slightly colder. This results in a small decrease in losses in both the supply and
return line.
The theoretical benchmark case minimizes the amount of time the bypass in a substation
is open. This minimization is possible because the controller has perfect predictions of heat
demand. Hence, the benchmark will wait as long as possible before pulling warm water to the
substation. In some periods, the heat demand of a single building can become zero for multiple
successive hours, resulting in a serious cooling down of the supply water, as can be seen in the
plots on the right of Figure 5. As a result, the average temperature in the supply line decreases,
explaining the decrease in supply line losses. Furthermore, when a bypass opens, it will close as
soon as warm water has arrived at the substation, meaning that the water that flows through the
bypass to the return line is colder. This reduces the average return temperature in the network,
leading to a substantial reduction in return pipe heat losses.
7. Conclusion
This study presents a theoretical benchmark for bypass controllers, giving an upper bound-
ary for the performance of these controllers. This theoretical benchmark ensures a just-in-time
delivery of warm supply water to the building substations by taking into account time delays in
the network. However, to do so, the benchmark requires perfect predictions of user behaviour,
making this controller not suitable to be used in actual district heating networks.
The benchmark has been compared to two classical bypass control strategies, being a man-
ually controlled bypass valve and a thermostatically controlled bypass valve. This comparison
resulted in the conclusion that the thermostat control is better than the manually controlled valve
mass flow, which confirms findings in the literature. However, compared to the theoretical bench-
mark, it seems that there is still plenty of improvement possible.
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